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ARTICLE INFO ABSTRACT
Keywords: 1-3 piezoelectric composites have been widely used in transmitting transducers, medical devices,
Thermal conduction navigation, aerospace, etc. However, due to poor thermal conduction of inside piezoelectric

1-1-3 piezoelectric composite
Heat dissipation structure
Finite element analysis

composites, performance degradation and service life shortening of transmitting transducers are
easily caused while working under high-power or continuously operated states. In this paper, a
solution is provided by designing and creating highly efficient thermally conductive paths in 1-1-
3 piezoelectric composite. This novel design resulted in two-fold increase in heat dissipation rate
compared with traditional 1-3 piezoelectric composites, while maintaining high piezoelectric
properties. Furthermore, we designed and fabricated an efficient heat dissipation transducer
(EHDT) with the novel 1-1-3 piezoelectric composite as the core material, which can relief heat
accumulation effectively compared with conventional transducers (CT). The EHDT can achieve
three times more power output than the CT at the same temperature threshold of 90 °C.

1. Introduction

Traditional 1-3 piezoelectric composites have been widely used in underwater transducers, medical devices, navigation and
aerospace [1-4], especially as the important part of high-frequency acoustic emission transducers [5-9]. These high-frequency
transducers are usually operated continuously with high power. Under such conditions, traditional 1-3 piezoelectric composites
become bottleneck for high-frequency and high-power transmitting transducers, because continuous operation of the devices under
such conditions can elevate the internal temperature of the transducers gradually and lead to electric domain flipping in piezoelectric
ceramic. This phenomenon increases piezoelectric and dielectric constants while decreasing residual polarization and residual strain or
permanent depolarization failure if the temperature exceeds the Curie temperature (T,) of piezoelectric ceramic [10,11]. In view of the
rigorous requirements of high-frequency and high-power transmitting transducers for prolonged operation at elevated temperatures, it
is essential to develop new piezoelectric composites exhibiting low loss and high thermal conductivity. However, up to now re-
searchers primarily focused on lowering the loss, but with little attention to increase thermal conductivity of piezoelectric composites
[12,13].

Heat dissipation, rather than solely decreasing the dielectric loss of piezoelectric ceramics, is a more practical approach to optimize
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the performance of transducers. Therefore, the present study mainly focuses on design and optimization of heat dissipation in
piezoelectric transducers. For example, Li et al. conducted experiments on heat dissipation of PZT piezoelectric ceramic circular plates
of 10 mm diameter and 3 mm thickness [14]. The study revealed that when a cooling water system was applied to the outer surface,
surface temperature of the piezoelectric ceramic disk could be maintained at about 20 °C during its high-power continuous operation.
However, the core temperature of the disk remained as high as 200 °C, which is close to the Curie temperature of the piezoelectric
ceramic. This high temperature led to a significant loss in the actuation performance of the device. To address the heat dissipation
bottleneck, Shan from Peking University introduced an innovative design by incorporating vertical graphene/ceramic hybrid heat
sinks into the transducer, which significantly reduced the operating temperature [15]. Other researchers have also focused on
designing heat dissipation structures for the outer shell of the transducers. However, all these designs remained ineffective in opti-
mizing the core temperature of the piezoelectric composite, thus having limited utilization for complete heat dissipation [16-18].

Here, we explored and analyzed the composition and internal structure of piezoelectric composites for efficient heat transfer. Then
a novel high thermally conductive 1-1-3 piezoelectric composite was designed and fabricated. The novel material combined with well-
designed heat sinks can achieve efficient heat dissipation to meet the demands of high-frequency and high-power transmitting
transducers.

2. Structural design and analysis

In conventional 1-3 piezoelectric composite, as shown in Fig. 1(a), both the piezoelectric ceramic and epoxy resin are insulating
materials with limited thermal conductivity. Additionally, the maximum stress appears in the center of the piezoelectric ceramics,
which vibrates at k33 mode. Along with mechanical loss and dielectric loss, the energy that cannot be converted increases the internal
energy of piezoelectric ceramics. So, the heat transfer path, as shown in Fig. 1(b)-is mainly along with the piezoelectric ceramic from
center to the up and down surfaces. And a small part of heat is also transferred to the epoxy resin. The process is conducted by phonon
vibrations within the composite, which is an inefficient heat conduction. As such, it makes heat dissipation difficult, and the trans-
ducer’s temperature continues to rise during high-frequency, high-power operation until the failure of the device [19,20].

On the other hand, the novel 1-1-3 piezoelectric composite introduced in the present study comprises piezoelectric ceramic, sili-
cone rubber, and an aluminum alloy frame, as shown in Fig. 1(c). The alloy frame is designed to replace the epoxy resin in 1-3
piezoelectric composite. Silicone rubber with high thermal conductivity has been added between the alloy frame and the piezoelectric
ceramic to fixed the whole composite together, using electrons inside metals to achieve rapid heat conduction. In this way, the heat
transfer path, as shown in Fig. 1(d)-is changed in the novel configuration. Heat will transfer horizontally to the silicon rubber first,
then move to the aluminum alloy frame and finally to the surfaces vertically through the highly conducting metal frame.
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Fig. 1. Schematic illustration of the structures of different piezoelectric composites and the Internal heat transfer pathways (a) structure of con-
ventional 1-3 piezoelectric composite (b) Internal heat transfer pathway of conventional 1-3 type, (c) structure of novel 1-1-3 piezoelectric
composite, (d) Internal heat transfer pathway of novel 1-1-3 type.
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3. Finite element analysis

Finite element analysis of the designed 1-1-3 piezoelectric composite was performed to simulate the piezoelectricity and heat
transfer of the composite using ANSYS software. APDL command flow of the software was used to input analysis properties, material
parameters (Table 1 and Table 2), model of the 1-1-3 piezoelectric composite, meshing, loads, and boundary conditions.

The simulated electrical conductivity and admittance of 1-1-3 piezoelectric composite are shown in Fig. 2. These results indicated
that resonant frequency, anti-resonant frequency, and electromechanical coupling coefficient k, of the material were approximately
330 kHz, 436 kHz, and 0.654, respectively. Compared to the results of the 1-3 piezoelectric composite obtained by other researchers, it
can be concluded that the difference between the piezoelectric performance of the two composites was minimal [21-25]. Thus, the
impact of the new structure on the electromechanical performance of the composite was insignificant.

The magnitude of displacements of each part of the piezoelectric composite was obtained at the resonant frequency of 330 kHz. As
shown in Fig. 3, when the composite vibrated at the resonant frequency, the displacement of the piezoelectric ceramic was the
maximum, and that of the silicone rubber was hierarchical, with more significant displacement in the region closely adjacent to the
ceramic column. The simulation results, structure addition of aluminum alloy frame has little effect on the electrical resonance and
mechanical vibration characteristics of the composite.

To analyze heat transfer, a temperature of 80 °C was applied to the center of different piezoelectric ceramic columns for a set time
and step size and the resulting temperature distribution contour maps were obtained, as shown in Fig. 4. From Fig. 4(a), it is evident
that the temperature within 1-3 piezoelectric composite was predominantly concentrated in the central part of the ceramic, with
limited heat conduction to the horizontal surface. Moreover, the lowest temperature point was observed at the outermost surface of the
epoxy resin. Conversely, in Fig. 4(b), the temperature distribution of the 1-1-3 piezoelectric composite revealed the lowest temperature
point transfer to the surface of piezoelectric ceramic. It suggests most of the heat transferred through the aluminum alloy framework.
Furthermore, in Fig. 4(c), with an enhanced thermal conductivity of the silicone rubber, the temperature distribution demonstrated
improved performance, notably increasing on the surface.

Thus, by increasing the thermal conductivity of silicone rubber, it could be analyzed from the temperature distribution contour
maps that the temperature on the surface of the piezoelectric composite gradually increased (Fig. 5), indicating more efficient heat
transfer from the interior to the surroundings.

4. Experimental

Compared to epoxy, silicone rubber possesses a lower Young’s modulus and higher Poisson’s ratio, (Young’s modulus and Poisson’s
ratio of epoxy resin and silicone rubber: 6.3 x 10° N m2, 0.3; 2.55 x 10® N m~2, 0.49) reducing lateral vibration coupling in 1-3
piezoelectric composite and thus enhancing the electromechanical coupling coefficient [26,27]. However, it has a lower thermal
conductivity, which can impact the overall thermal conduction rate of the piezoelectric composite. Thermally conductive fillers are the
critical component of modified adhesives, with current research focusing on their development, modification, and blending with the
polymer matrix. Various ceramics, such as highly thermally conductive silicon carbide, aluminum nitride, boron nitride, and
aluminum oxide particles, are used in thermally conductive adhesive formulations [28,29].

Increasing the conductive filler content in the matrix is an effective way to enhance its thermal conductivity. However, an inap-
propriate filling may affect the composites’ rheological and mechanical properties. So, choosing a reasonable particle size and volume
fraction can built a much denser thermal paths along the heat transfer direction, which will improve the heat transfer efficiency and
also maintain good mechanical properties. As shown in Fig. 6, the thermally conductive adhesive used in 1-1-3 piezoelectric composite
was required to establish as many and as short effective thermal paths as possible.

Considering the high thermal conductivity (20 W m~! K1) of aluminum nitride (Al203), the high thermal conductivity (170 W
m~ ! K1) and the cost-effectiveness of aluminum oxide (AIN), this study optimized the thermal conductivity of silicone rubber by
simultaneously incorporating 22 vol% of the two types of ceramic powders in a 1:1 ratio. By using an ionic stirrer to mix the silicone
rubber and ceramic powders in a water bath at 20 °C. This modification imparts excellent thermal conductivity and low impedance in
silicone rubber [30]. The composition used was optimized to enhance the thermal performance while also ensuring high mechanical
properties to meet the experimental requirements. To characterize the microstructure, scanning electron microscopy (SEM) was
employed for the cross-sectional analysis of the unfilled and filled silicone rubbers used in the study as shown in Fig. 7. Energy
dispersive X-ray spectroscopy (EDS) results illustrate that the large particles represent AlO3 and the smaller ones are AIN particles in
Fig. 7(b). It can be observed that both Al,03 and AIN powders are uniformly dispersed in the silicone rubber matrix, forming multiple

Table 1

Piezoelectric parameters of PZT4.
Parameter Parameter
CE (10" Nm™?) 13.9 e (Cm2) -5.2
CE, (10" Nm™?) 7.78 e33(Cm™2) 15.1
Ch; 10"°Nm™2) 7.43 e1s(Cm?) 12.7
CE; (10" Nm™?) 11.5 5,/€5 635
CE, (10"°Nm™?) 2.56 d33(10712CN D) 289
Cl (101°Nm™?) 3.06 d3; (107> CN) -171
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Table 2

Parameters of the components in piezoelectric composites.
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Material Density (kg m™—>) Specific heat capacity (J kg™' K1) Thermal conductivity (W m~! K1) Young’s Poisson’s
Modulus (10° N m—2) Ratio

PZT4 7500 420 2.1 76.5 0.32
epoxy resin 1200 550 0.8 6.3 0.3
silicon rubber 1070 1400 1.2 0.0026 0.49
aluminium alloy 2730 897 166 69 0.33

NAnsys NAnsys

2022R1 2022 R1
1.28 0 —
) (x10%%2) _; o (x10%+2)
1200 2000 2800 3600 4400 5200 1200 2000 2800 3600 4400 5200
1600 2400 3200 4000 4800 1600 2400 3200 4000 4800
FREQ FREQ

Fig. 2. (a) Simulated conductivity and (b) admittance curve of 1-1-3 piezoelectric composite.
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Fig. 3. Vibration diagram of 1-1-3 piezoelectric composite.

efficient paths of thermal conduction within the composite rubber suitable for enhanced thermal efficiency [31].

The preparation process of 1-1-3 piezoelectric composites is depicted in Fig. 8. In order to ensure the consistency of the resonance of
each piezoelectric composite material, a complete piece of piezoelectric ceramic is been cut into piezoelectric ceramic rods which are
periodic arrangement on a piezoelectric base. A metal frame which has the same periodic with piezoelectric ceramic rods. Then high
thermal conductive adhesive has been poured into the gaps between the piezoelectric ceramic rods and the metal frame. After curing
for more than 24 h, grinding away the remaining ceramic base. and then sputtering silver onto the upper and lower surfaces of the
material to form the electrodes.

Four types of piezoelectric composites, as shown in Fig. 9, were prepared for the experimental study. Dimensions of the four
piezoelectric composites is 47.7F x 47.7" x 4.5 mm, while the size of the piezoelectric ceramic column is 2.22F x 2.22W x 4.5T mm.
Among these samples, the first (1#) and second (2#) samples were 1-3 piezoelectric composites composed of epoxy resin/PZT4 and
silicone rubber/PZT4, respectively. At the same time, the third (3#) and fourth (4#) samples were 1-1-3 piezoelectric composites
comprising pristine silicone rubber/aluminum alloy/PZT4 and conductive silicone rubber/aluminum alloy/PZT4, respectively.

The piezoelectric performance of the composites was measured using an Agilent 4294A impedance analyzer, and the results are
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Fig. 4. Temperature distribution contour maps of piezoelectric composites with different components. (a) 1-3 piezoelectric composite composed of
piezoelectric ceramic and epoxy (with thermal conductivity of 0.8 W m~* K~1); (b) 1-1-3 piezoelectric composite composed of piezoelectric ceramic,
silicone rubber (with thermal conductivity of 1.2 W m~! K and aluminum alloy; (c) 1-1-3 piezoelectric composite composed of piezoelectric
ceramic, silicone rubber (with thermal conductivity 1.8 W m~' K1) and aluminum alloy.
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Fig. 5. Minimum temperature on the surface of 1-1-3 composite as a function of thermal conductivity of the silicone rubber.
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Fig. 6. Microscopic heat conduction paths in modified silicone rubber.

presented in Table 3 and Fig. 10. By comparing and analyzing the recorded data, a close similarity was observed in the series resonance
frequency and parallel resonance frequency of the four composites. It can, therefore, be concluded that all the composites possessed
comparable piezoelectric performance.

In order to further explore the temperature stability of the piezoelectric composites, the electrical properties of the samples were
tested at 30 °C, 50 °C, 70 °C, 90 °C, 110 °C, 150 °C after keeping 20 min in an oven. The conductivity curves of piezoelectric composites
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Fig. 7. SEM images of silicon rubbers: (a) Pristine and (b) Filled with Al,03 and AIN powders.
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Fig. 8. Preparation process diagram of 1-1-3 piezoelectric composites.
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Fig. 9. Digital photographs of the piezoelectric composites.
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Table 3
Performance parameters of the piezoelectric composites.
Sample Resonant Anti-resonant Electromechanical Bandwidth (kHz) Mechanical Quality Factor
Frequency f; (kHz) Frequency f, (kHz) Coupling Factor k,
1# 328 419 0.622 4.1 78
2# 322 425 0.653 6.8 48
3# 325 414 0.619 7.6 43
a# 325 415 0.622 7.2 45
150 100 60
250 | (a) Conductivity curve (b) Conductivity curve
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Fig. 10. Admittance and conductivity curves of the piezoelectric composites: (a) 1#, (b) 2#, (c) 3# and (d) 4#.

are shown in Fig. 11. It can be seen that the resonant frequencies of composite 2#, 3# and 4# shifted to higher frequency and the
conductance at resonant frequency gradually increased by increasing the temperature. And all these three kinds of composite show the
same trends. By comparing the frequency shift and the conductance increasing for composite 2#, 3# and 4#, it can be seen that
composite 4# shows more temperature stability by introducing highly thermally conductive structure. But the composite 1#, shows
different trend. First of all, it has an interference peak before the main harmonic peek which always appears in 1-3 composite, when
the temperature is lower than 90 °C. It is due to the strong coupling effect caused by resin epoxy. We think the 90 °C is the glass
transition temperature of this kind of epoxy resin. Second, for composite 1#, the resonant frequencies shifted to lower frequency by
increasing the temperature. For 1-3 composite, the frequency shift is mainly caused by the epoxy resin. Meanwhile, for 1-1-3 com-
posite, the frequency shift is mainly caused by the epoxy resin piezoelectric ceramic.

The relationship between electromechanical coupling coefficients and temperatures of four piezoelectric composites are presented
in Fig. 12, which showed the same trends with frequency shift. The electromechanical coupling coefficients of composite 2#, 3# and
4# decreases with increasing temperature and the composite #1 is on the contrary.

An elevated temperature rate test was employed to validate the thermal conductivity performance of each composite. The tem-
perature rate test was conducted on a heating platform, with the heating temperature set to 80 °C. As depicted in Fig. 13, the sides of
the four composites were placed on the heating platform, and their real-time surface temperature was monitored by a thermal imaging
camera (model: FLIR T560). As reflected by the real-time imaging, the heat was transferred from the surface of the heating table to the
bottom of each composite, from where it was conducted inside the material.
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Fig. 11. Conductivity curves of four composites at different temperatures: (a) 1 # piezoelectric composite, (b) 2 # piezoelectric composite, (c) 3#
piezoelectric composite, (d) 4 # piezoelectric composite.
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Fig. 12. Relationship between electromechanical coupling coefficients and temperatures of four piezoelectric composites.

Considering temperature measurement errors, the study considered the real-time monitoring of the average temperature at the
same height and within the same area of each composite. These real-time recorded temperatures were plotted, as illustrated in Fig. 14,
for comparison. A rapid rise in temperature within the first 100 s was a common feature of the four types of composites, with the
average temperature changing from 15 °C to 22.5 °C, 14.5 °C-22 °C, 15 °C-36.7 °C, and 15 °C-38.8 °C for composite 1#, 2#, 3# and
44#, respectively. This rising temperature finally stabilized after 600 s, with composite 1#, 2#, 3#, and 4# reaching 32.6 °C, 34.6 °C,
50.0 °C, and 50.7 °C, respectively.

The experiment results, therefore, indicated that the novel piezoelectric 1-1-3 composite exhibited a temperature increase rate
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Fig. 13. Real-time thermal imaging of the piezoelectric composites.
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approximately three times faster than the conventional 1-3 piezoelectric composite in the initial time phase. Moreover, its heating
efficiency was about twice as high as that of the conventional composite. Thus, the 1-1-3 piezoelectric composite designed in this study
demonstrated excellent piezoelectric performance while efficiently conducting heat from within the ceramic core.

For verifying the actual effect of this thermally conductive structure, two transducers were prepared as shown in Fig. 15. Con-
ventional transducer (CT) with 1-3 piezoelectric composite was composed of PZT4/epoxy resin as the core. Efficient heat dissipation
transducer (EHDT) with the novel 1-1-3 piezoelectric composite as the core which was composed of PZT4/conductive silicone rubber
and copper frame, and combining heat pipe-fin heat dissipation structure. The parameters of the two transducers are shown in Table 4.
The transmitting voltage response (TVR) of the two transducers are shown in Fig. 16. It showed the TVR of CT and EDHD reached
177.1 dB and 171.1 dB respectively at 260 kHz.

Series heat dissipation experiments were conducted to verify the heat dissipation performance of these two transducers. In this

Fig. 15. Photos of CT and EHDT
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Table 4
Performance parameters of CT and EHDT.
Type Resonant Anti-resonant Electromechanical Bandwidth (kHz) Mechanical Quality Factor
Frequency f; (kHz) Frequency f, (kHz) Coupling Factor k;
CT 261 326 0.599 31 84
EHDT 259 330 0.619 7.6 34

Reference Value: 1pPa-m/V

>==CT
175k L ...®... EHDT

170+ )

S, (dB)
3
T

160 | 8 ®-a

»,

150 a

145 L L L L L L L L L
200 220 240 260 280 300 320 340 360

f(<Hz)

Fig. 16. Transmit voltage response of CT and EHDT.

paper, a K-type thermocouple probe is placed in the center of the surface of piezoelectric composites in both CT and EDHD. First, the
two transducers were driven by a 20 W continuous sine signal at 260 kHz respectively for 180s. The temperature changes with time of
CT and EHDT are shown in Fig. 17. The CT’s temperature rises from 20 °C to 76 °C within 180s. And the temperature has almost the
same rising rate within 180s. The temperature of EHDT reached 36 °C within 30s. And then the temperature gets steady about 33 °C for
the next 150s.

Second, dynamic temperature test has been performed by applying different electrical input powers. The internal temperatures of
these two transducers have been test after driven by continuous sine signal at 260 kHz for 180s respectively. The internal temperatures
curves varying with electrical input power is shown in Fig. 18. The test results showed that the internal temperature is always under the
threshold of 90 °C, when the input power is up to 100 W. At the meanwhile, the internal temperature of CT gets up to 95 °C, when the
input power is only 30 W. Obviously, the efficient heat dissipation transducer has excellent heat dissipation performance and relief the
heat accumulation inside conventional transducers effectively.

5. Conclusion
A novel highly thermally conductive 1-1-3 piezoelectric composite was designed and prepared. This composite material utilized
PZT-4 piezoelectric ceramics as one phase while silicone rubber with added Al;03 and AN fillers as the other. The highly conductive

fillers established internal heat conduction paths within the insulating silicone matrix, thus enhancing its heat dissipation efficiency.
Additionally, an aluminum alloy framework was used as the third phase of the composite to further improve efficiency. This design
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Fig. 17. Internal temperature change of CT and EHDT.
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Fig. 18. Relationship between input power and temperature of transducers.

significantly enhanced the thermal conductivity of the material while ensuring high strength and piezoelectric performance. After
heating for 600 s, the temperature rise remained nearly twice that of the 1-3 piezoelectric composite. Compared with conventional 1-3
piezoelectric composite, the novel 1-1-3 piezoelectric composite shows greatly improved thermal conduction while maintaining the
same piezoelectric properties. A new highly thermally conductive transducer was designed and fabricated, which used the new 1-1-3
piezoelectric composite as the core and combined heat pipe-fin heat dissipation structure. The new 1-1-3 piezoelectric transducer can
work under three times more power than the conventional 1-3 piezoelectric transducer at the temperature threshold of 90 °C.
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